Background. Chronic cocaine abuse has been associated with a high prevalence of left ventricular hypertrophy (LVH) in normotensive individuals at rest. This study was conducted to determine whether chronic cocaine abusers with LVH would manifest an exaggerated pressor response to treadmill exercise.
C ocaine abuse has been associated with several acute cardiovascular complications,1-3 which include myocardial infarction and sudden death. Few data, however, exist concerning the ability of cocaine to cause chronic cardiovascular disease. We recently demonstrated a high prevalence of concentric left ventricular hypertrophy (LVH) in chronic cocaine abusers.4 LVH is known to have adverse prognostic implications in hypertension,56 and could be important in potentiating the ischemic and arrhythmogenic properties of cocaine. The long-term consequences of cocaine-induced LVH are not known, nor has the mechanism whereby cocaine induces LVH been established.
It is well known that cocaine is a sympathomimetic agent that acutely increases blood pressure7-10 and may precipitate hypertensive crisis.1112 Moreover, chronic cocaine abuse has been associated with depletion of dopamine stores,13'4 which is a factor that may enhance sensitivity to a-adrenergic vasoconstriction.'s We propose that chronic cocaine abusers have an exaggerated pressor response to sympathetic stimuli (i.e., cocaine, stress, exercise), and that this may be related to the development of LVH. An association between an exaggerated pressor response to treadmill exercise and LVH has been previously demonstrated in normotensive men.'6 Accordingly, the following study was undertaken to test the hypothesis that chronic cocaine abusers with LVH manifest an abnormally high blood pressure response to treadmill exercise.
Methods

Study Population
The patient population consisted of 49 normotensive men with a history of chronic cocaine abuse who were enrolled in the inpatient drug dependence treatment program at the Dallas Veterans Affairs Medical Center.
Participation in this program requires abstinence from drug usage. Therefore, immediately upon admission, patients were instructed to refrain from drug usage, and this was documented by urine toxicity screens on admission and weekly thereafter. Each patient underwent a thorough history (including date of last cocaine use) and physical examination. Heart rate and blood pres-sure were taken daily by a physician assistant with an automated cuff (Dinamap 845XT, Criticon, Tampa, Fla.).
Patients entering the drug dependence treatment program were recruited into this study if they were admitted for cocaine addiction ( All data are expressed as mean+ 1 SD. An F ratio was calculated by ANOVA to determine the significance of group differences in the peak exercise blood pressure in cocaine abusers with LVH, cocaine abusers without LVH, and control subjects. ANOVA also was used to assess group differences in the other dependent variables listed in Table 1 The treadmill exercise tests were performed from 1 to 49 days after the last reported use of cocaine. However, the formula20 Figure 3 . There was no significant difference in systolic blood pressure at baseline, 2 minutes into exercise, or 4 minutes into exercise. However, from 6 minutes onward, systolic blood pressure was significantly higher in the cocaine abusers with LVH than in cocaine abusers without LVH or control subjects. There were no significant differences in systolic blood pressure between cocaine abusers without LVH and control subjects at any point during the exercise test suggest that the relation between exercise blood pressure and LVH is confounded by age, resting systolic blood pressure, and body surface area,27,28 there was no significant difference in these variables in our study. Therefore, our data suggest that chronic cocaine abuse predisposes a subset of patients to a heightened pressor response to given sympathetic stimuli (cocaine, stress, exercise), and that this response probably contributes to the pathogenesis of cocaine-related LVH.
The mechanism by which chronic cocaine abuse causes an exaggerated pressor response is unknown. One possible mechanism to explain this phenomenon has been termed "the dopamine depletion hypotheSiS.j"13 Chronic cocaine administration in animals results in diminished levels of tyrosine hydroxylase, which is the rate-limiting enzyme in the formation of dopamine. 29, 30 In addition, synaptic dopamine levels in the central nervous system have been shown to be depleted during withdrawal from chronic cocaine treatment.31"32 Dopamine specifically stimulates two different receptors: Receptor type 1 is located postsynaptically on vascular effector cells in renal, coronary, and cerebral arteries and mediates vasodilation, whereas receptor type 2 exists on postganglionic sympathetic nerve terminals and inhibits norepinephrine release.33 Accordingly, it has been postulated that dopamine depletion in chronic cocaine abusers may lead to a heightened response to sympathetic stimuli. '5 Another mechanism by which cocaine may lead to an exaggerated pressor response to exercise is altered baroreflex control of blood pressure. Andresen 16 patients who had positive urine samples on admission displayed physical signs of substance withdrawal, which includes no significant changes in daily heart rate and blood pressure as recorded by the physician assistant.
Another possibility is that the exaggerated pressor response could have been related to residual effects of cocaine or its metabolites. As noted, four of six patients with positive urine samples at the time of their exercise test had an exaggerated pressor response to exercise. Although it is highly improbable that cocaine withdrawal could have accounted for the elevated exercise blood pressure in these four subjects, residual cocaine effects may have been important. Six other subjects with an exaggerated pressor response, however, underwent exercise testing at least 10 days after their last use of cocaine. Given the short half-life of cocaine, it seems unlikely that residual cocaine effects could have caused the exaggerated pressor response in these subjects. Finally, the lack of any temporal relation between exercise blood pressure and the last use of cocaine ( Figure 1 ) strongly argues against residual cocaine effects as the cause of the exaggerated pressor response seen in this study.
Another limitation is that the exaggerated pressor response was documented at only one point in time. Accordingly, ambulatory blood pressure monitoring must be performed to document whether this response occurs with regularly recurring stress during daily activities.
Blood pressure measurements during exercise were made with arm cuff sphygmomanometry. Although invasive blood pressure determination is more accurate during exercise, it was not feasible for this study. The technician recording the exercise blood pressure was blinded to the nature of the study. Accordingly, small errors in blood pressure determination would have been randomly distributed between groups and would not have influenced the outcome of the study.
The possibility that these findings are caused by cocaine-induced dopamine depletion remains speculative, as there is no direct clinical measure of total body or cardiovascular dopamine stores. Although dopamine depletion has been shown in the central nervous system of animals subjected to chronic cocaine administration, cocaine use may promote the development of LVH by mechanisms other than intermittent hypertension, such that the exaggerated blood pressure response is a secondary phenomenon.26 Further investigation is needed to delineate the temporal relation among chronic cocaine abuse, intermittent hypertensive responses to exercise or stress, and LVH.
Conclusions
Chronic cocaine abusers with LVH manifest an exaggerated pressor response to treadmill exercise. These data suggest that chronic cocaine abuse predisposes a subset of individuals to a heightened pressor response to a given sympathetic stimulus such as exercise, and that this may contribute to the pathogenesis of LVH. Further studies will be required to confirm this hypothesis and to provide insight into the physiological changes resulting in this exaggerated pressor response.
